Fractal analysis of canine pulmonary vessels could allow quantification of their space-filling properties. Aims of this prospective, analytical, cross-sectional study were to describe methods for reconstructing three dimensional pulmonary arterial vascular trees from computed tomographic pulmonary angiogram, applying fractal analyses of these vascular trees in dogs with and without diseases that are known to predispose to thromboembolism, and testing the hypothesis that diseased dogs would have a different fractal dimension than healthy dogs. A total of 34 dogs were sampled. Based on computed tomographic pulmonary angiograms findings, dogs were divided in three groups: diseased with pulmonary thromboembolism (n = 7), diseased but without pulmonary thromboembolism (n = 21), and healthy (n = 6). An observer who was aware of group status created three-dimensional pulmonary artery vascular trees for each dog using a semiautomated segmentation technique. Vascular three-dimensional reconstructions were then evaluated using fractal analysis. Fractal dimensions were analyzed, by group, using analysis of variance and principal component analysis. Fractal dimensions were significantly different among the three groups taken together (P = 0.001), but not between the diseased dogs alone (P = 0.203). The principal component analysis showed a tendency of separation between healthy control and diseased groups, but not between groups of dogs with and without pulmonary thromboembolism. Findings indicated that computed tomographic pulmonary angiogram images can be used to reconstruct three-dimensional pulmonary arterial vascular trees in dogs and that fractal analysis of these three-dimensional vascular trees is a feasible method for quantifying the spatial relationships of pulmonary arteries. These methods could be applied in further research studies on pulmonary and vascular diseases in dogs.
INTRODUCTION
Pulmonary thromboembolism is a potentially life-threatening disease that occurs in many species. [1] [2] [3] [4] Clinical signs are non-specific and can be masked by concurrent pulmonary and systemic diseases, and there is no pathognomonic laboratory test for pulmonary thromboembolism. [3] [4] [5] [6] [7] Pulmonary thromboembolism can arise locally (thrombus), or translocate from elsewhere in the vascular system (embolus), and cause partial or complete obstruction of the affected pulmonary vessel. 1, 8 Such obstructions can be visualized as filling defects using computed tomographic pulmonary angiograms. 2, 6, 8 From an imaging point of view, the pulmonary blood vessels are complex structures that are embedded in complex anatomical scenes and surrounded by other organs. 9, 10 Blood vessels can exhibit morphological variations from normal in pulmonary thromboembolism, but they may also be altered in other diseases such as pulmonary hypertension and hypovolemia. Such variations can for example be identified radiographically as vessel dilation, indentation, tortuosy, dissapearance, pruning, and serration. 7, 8, 11, 12 The lumen diameter and the branching patterns of arterial trees impact the distribution of blood. Even small changes in diameter will cause marked changes in blood flow. 13 Thus morphometry of the pulmonary blood vessels has a functional importance, especially for researchers studying mechanisms of these diseases and assessing responses for novel therapies. An objective way to quantify vascular morphology would be to introduce computer-assisted quantitative techniques into the analysis of computed tomographic pulmonary angiograms. This approach requires a segmentation stage and a measurement procedure. 14 Computer-assisted diagnosis, using image features from computed tomographic pulmonary angiograms has been shown to improve sensitivity for pulmonary thromboembolism detection in humans. 15 Segmentation of vessel structures from the remainder of the image is essential for further analysis. 16 When commercial software for medical imaging offers functions for reconstructions and surface rendering it is intended for visual assessment only. It is not possible with current clinical software to perform three-dimensional quantification using these reconstructions. If quantification is required, then threedimensional reconstructions that can be used in analysis have to be created. Fractal analysis is a measurement procedure that is relevant to morphology. A fractal is a self-similar object over different scales, meaning that each portion of it is similar to the whole. 17 Pulmonary arteries and veins are well-known fractal structures due to their bifurcation patterns. [17] [18] [19] [20] [21] [22] The fractal dimension is a quantitative parameter that characterizes the morphometric complexity of an object. 18 When determined for branching structures, such as blood vessels, fractal dimension expresses how that structure fills space, for example, the more abundant the branching, the higher fractal dimension. 23 Authors hypothesized that dogs with a predisposition to pulmonary thromboembolism will have different fractal dimension when compared to healthy dogs, and that these alterations will be detectable using our novel methodology. Aims of the current study are to describe methods for reconstructing three-dimensional vascular trees from computed tomographic pulmonary angiograms scans of healthy and diseased dogs, calculate the fractal dimension of the vascular tree in each dog, and compare the distributions of these fractal dimensions across test groups.
MATERIALS AND METHODS

Study sample
This prospective analytical cross-sectional study included 28 thoracic computed tomography (CT) studies including angiograms acquired at the Foster Hospital for Small Animals at the Cummings School of Veterinary Medicine, Tufts University, North Grafton, MA, during the period of December 2010 to May 2013. In addition, six healthy beagles from the research colony at Tufts were included as controls prior to inclusion of diseased dogs. Sample size decisions were based on available funding. The enrollment of diseased dogs was based either on clinical signs of progressive or acute respiratory distress, or the suspected presence of a condition known to predispose to pulmonary thromboembolism, such as immunemediated hemolytic anemia, sepsis, severe polytrauma, protein losing enteropathy or nephropathy, or neoplasia. 1 The minimum age of enrolled dogs was 6 months, and minimum weight was 5 kg.
Dogs that were sick due to primary cardiac disease, diagnosed by a board-certified veterinary cardiologist, were excluded. However, dogs predisposed to thromboembolism, but with incidental mild, well-compensated mitral valve regurgitation were accepted for inclusion. Final decisions for dog inclusion and exclusion were made by board-certified faculty veterinarians of the emergency and critical care service. The Institutional Animal Care and Use Committee and the Clinical Studies Review Committee at Tufts University approved the study. The owners of all dogs signed a written informed consent.
Anesthesia techniques
All dogs were anesthetized for image acquisition. The control dogs were premedicated with butorphanol (0.2 mg/kg) and midazolam (0.2 mg/kg) given intramuscularly. Acepromazine up to 0.05 mg/kg IV was added if sedation was insufficient. Anesthesia was induced using propofol (4-6 mg/kg to effect) IV and maintained with 1-3% inhaled isoflurane in 100% oxygen. The clinical patients had individualized preanesthetic and induction protocols, all were maintained under anesthesia using 1-3% isoflurane.
Computed tomographic pulmonary angiography techniques
The CT scans were performed using a 16-slice helical CT unit (Toshiba Aquilion CT 16 slice, Toshiba, Tustin, CA). Two intravenous catheters were placed, one in the cephalic vein for contrast agent administration, and one in the saphenous vein for intravenous fluid administration.
Images were acquired before (native phase), during (arterial phase), and 3 min after (delayed phase) injection of an intravenous contrast agent (Omnipaque-300, GE Healthcare, Little Chalfont, UK). The dogs were manually hyperventilated, inflated, and then kept at 10 cm water positive expiratory end pressure during the scan, to minimize respiratory motion. The healthy dogs were scanned in the beginning of the study. They received iohexol at a dose of 600-800 mg I/kg at concentrations of 150-300 mg I/ml delivered at 3-4 ml/s IV. The clinical patients received a dose of 600 mg I/kg diluted to 150 mgI/ml with normal saline and delivered at 4 ml/s IV. This clinical protocol was based on experience in the control dogs. The arrival of the contrast agent to the pulmonary circulation was determined by bolus tracking. A region of interest was set in the area of the main pulmonary artery and the CT angiography image acquisition was set to start when the region of interest reached 150 Hounsfield Units. Reconstructions of the arterial and delayed phases were made in three orthogonal planes (transverse, sagittal, and dorsal) using a separate image analysis workstation.
Interpretation of computed tomographic angiography studies
All scans (native, arterial phase, and delayed phase) were interpreted on a dedicated viewing station by two board-certified veterinary radiologists; one at Tufts University (A.F.S.) and one at the University of Copenhagen (F.J.M.). Images were interpreted in chronological order according to patient presentation. The radiologists were aware of the history of the dogs because the scans were interpreted in the normal way for patients in the hospital. The angiograms were specifically assessed for presence or absence of vascular filling defects.
All abnormal findings identified by interpretation of the CT scans were described in imaging reports for each patient. Both radiologists reached a consensus for all abnormal CT findings. A diagnosis of pulmonary thromboembolism was made if radiologists detected pulmonary vascular filling defects (arterial or venous), regardless of the possible origin of the filling defect (i.e., primary thrombus or secondary embolus), because histopathology was not available. The dogs were divided in three groups based on a combination of computed tomographic pulmonary angiograms findings and clinical status: (1) healthy, (2) diseased without visible pulmonary thromboembolism, and (3) diseased with pulmonary thromboembolism.
Image analyses
The arterial phase CT images were exported as DICOM files for further image analysis. Computer-assisted image analysis was performed by three of the authors (A.V.M., J.M.A.R., F.J.M.) using commercial software (MATLAB version 2014a; The Mathworks Inc., Natick, MA). No randomization was applied for the computer-assisted measurements as these were considered to be objective. For these objective analyses, patients were placed in outcome groups according to disease status as described above. The operator running the computer algorithm (AVM)
was not blinded to the group classification for the image set.
Segmentation of the pulmonary vessels was performed in several steps ( Fig. 1) . First a binary mask was created by retaining data only within the CT number range −1024 and −150 Hounsfield Units (Fig. 1A ). This generated a series of slices containing segmented pulmonary parenchyma, but some slices also included air in the trachea, gas in the intestines, emphysema, and other local nonpulmonary areas (Fig. 1B) . Because of this, a manual selection of pulmonary areas of interest was performed in each slice. This involved the operator selecting up to two regions that would be retained for further analysis, usually the two biggest regions in the image (Fig. 1C ). An operation for filling holes in the foreground area was then performed to make the final mask cover the lung including pulmonary vascular structures (Fig. 1D) . Finally, to isolate the vascular structures within the mask, a new threshold was set. Blood itself has an attenuation of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Hounsfield Units. 24, 25 By using a threshold of 100 Hounsfield Units and above, most soft tissues were excluded, while higher attenuation values such as contrast medium within the vessels were included (Fig. 1E) . Then, the three-dimensional vascular trees were reconstructed by combining the segmented areas of interest of each CT image. This three-dimensional reconstruction was achieved by interpolating the contour lines between the areas of interest in consecutive CT slices (Fig. 2 ). 
Statistical analyses
Fractal analysis
The fractal dimension was calculated for each dog using the boxcounting method. 26 The box-counting method is widely used and can be applied to both two-dimensional and three-dimensional structures including the pulmonary vessels. [19] [20] [21] 27 The fractal dimension is a single value that can be studied using classical statistics. Alternatively, multivariate data analysis techniques such as principal component analysis allow direct use of all data points (the fractal curve) that are used to generate the fractal dimension. In this way, the multidimensional fractal data are not reduced to a single dimension. 28 In box-counting methodology, the number of boxes filled or part filled with a vessel is plotted against box size. Note that the term "box" refers to a square for two-dimensional data and a cube for three-dimensional data. The size of the boxes ranges from the smallest resolution of the log/(n(s)) F I G U R E 3 Examples of box-counting methods used for two pulmonary vascular three-dimensional reconstructions: logarithmic plot of the inverse of box radius "s," an indicator of box size, and its corresponding count "n." The value "n" records the number of boxes that were fully or partly filled by a vessel. The absolute value of the slope +1 is the fractal dimension. In these examples, the fractal dimensions were 1.89 (solid line) and 1.38 (dashed line) population, the fractal dimension of the objects can be compared and a higher fractal dimension then indicates a more complex morphology. 23 For determination of fractal dimension, a curve was plotted for each three-dimensional vascular reconstruction. This plotted the minimum number of boxes of each size needed to include the entire vascular reconstruction against the size of the boxes (indicated by box radius). A log transform of both variables was used. The radius of a box describes the radius of a sphere whose edges touch all four vertices of each box; it is a single figure that uniquely defines the size of the box. Ten box sizes were used for each three-dimensional reconstruction. Thus, the process resulted in 10 values (i.e., 10 points on the fractal curve) for each dog, each value corresponding to the logarithmic transform of the number of boxes that included a part or all of a relevant image feature (vessel) for each different box size.
Principal component analysis
The relationships between the fractal curves and the outcome classification groups were explored using principal component analysis.
This is one of the most commonly used machine learning methods in the field of chemometrics. Chemometrics describes the extraction of information from large datasets, using particular data-driven methods. 29 These methods are well suited for large and complex datasets and can include machine learning. 30, 31 In machine learning, computer algorithms are used to automatically improve their performance through experience. 32 Machine learning can analyze very large amounts of data, such as may be encountered in image analysis. 14, 33, 34 This allowed analysis of variability, to determine if three-dimensional is as large as the original set of variables. 33 However, the sum of the variances of the first few principal components usually exceeds 80% of the total variance of the original data. By examining plots of these few new variables, the observer can often develop a deeper understanding of the driving forces that generated the original data. 35 (7) and male (2). The healthy dogs were female (3), castrated male (2) and spayed female (1) . Because of the unbalanced distribution of sexes in the population, no specific analysis was done using this parameter.
RESULTS
Description of dogs sampled
Subjective findings from computed tomographic angiography studies
The healthy dogs had no signs of disease identified on CT. Among 
Three-dimensional vascular tree reconstructions
The segmentation method resulted in three-dimensional vascular reconstructions for all dogs, as shown in Figure 2 . It can be seen that both the vessel dimension and the branching pattern of the arterial trees are preserved. The vessels are generally continuous and three generations of arterial branches can be identified starting at the lobar arteries. The figure shows a two-dimensional projection of the data.
The plot of course is three-dimensional so that it can be viewed from any aspect. The time used for segmentation of each series of images was not recorded, but was estimated to be 10-20 min.
Fractal analyses
The fractal dimension ranged from 1.38 to 1.89. The mean fractal dimension was 1.69 for the diseased dogs with evidence of pulmonary thromboembolism (n = 7), 1.63 for the diseased dogs without evidence of pulmonary thromboembolism (n = 21), and 1.80 for the healthy dogs (n = 6). The slopes of the data from two of the dogs are approximately linear, which confirms the fractal nature of the vascular trees (Fig. 3) . Figure 4 shows a notched box plot of the three groups, including data range, interquartile range, median, and mean fractal dimension.
Statistical analyses
An analysis of variance showed that the fractal dimension of the three outcome groups was significantly different (P = 0.0011). In a separate analysis of the two diseased groups alone, there was no significant difference (P = 0.2026). These findings suggest a higher complexity of the vascular trees of the healthy dogs. It is emphasized that the fractal dimension is based on the entire reconstructed structure, and does not describe specific vessels.
The fractal curve data for each dog were included in a principal component analysis. That is to say, we included the parameter of each point 
DISCUSSION
In this study, we found that the fractal dimension in the group of healthy dogs was higher than in the group of diseased dogs with and without pulmonary thromboembolism. Dogs with evidence of The current study introduced robust, novel methods for reconstructing the pulmonary vascular structures and applying fractal analysis in dogs that can be used for future objective applications. Similar methods have been used to quantify the complexity of the vascular reconstructions in humans. 18, 19, [21] [22] [23] In our study, we included the full morphology of the vessel, meaning that generalized thickening of vessels, as well as increased branching, will contribute to a higher fractal dimension, while reduced thickening and branching will contribute to a lower fractal dimension. 21, 23 It is worth noting that the fractal dimen- This study included varying diseases and types of lesions. Hypoxia is a feature of many disease processes. The complex connection between alveolar hypoxia and vasoconstriction, and by inference morphology, is well established and has been reviewed. 36 Other pathological conditions than pulmonary thromboembolism can cause focal filling defects in the pulmonary vessels, such as pulmonary artery sarcomas, although they are rare. [37] [38] [39] The fractal analysis did not show a significant difference in fractal dimension between diseased dogs with and without pulmonary thromboembolism. Thus our findings could indicate that altered vascular morphology is a feature of many different types of disease, including pulmonary thromboembolism.
The segmentation technique we used is less complex than many suggested methods in the literature. [40] [41] [42] [43] It should be emphasized that the presented method was based on selecting tissues that are surrounded by aerated pulmonary parenchyma. Because of this, consolidated lung tissue or a soft tissue mass in the periphery might be removed at the segmentation stage and therefore not included in the fractal analysis. Authors acknowledge that such excluded areas might contain contrast-enhanced vessels. A manual segmentation technique could solve this issue, but would instead be time consuming compared to the semiautomated method presented here. The actual segmentation time was not formally recorded, but was estimated to be 10-20 min. For a bigger population than the 34 dogs included in this study, more advanced techniques that focus on a more precise pulmonary segmentation should be considered. 43 Whatever segmentation technique is used, the important issue is that the matrix data from the three-dimensional reconstruction are available for analysis.
The limitations inherent in the segmentation method described here include the retention and therefore analysis of small, nonvascular tissue and perhaps actual thrombi in the reconstruction model, and the exclusion of small peripheral pulmonary vessels. These limitations can be considered systematic for all dogs and the influence on the fractal dimension is therefore assumed to be small. Such problems are not limited to our method and can similarly be expected from the reconstruction algorithms included in commercial software offered by the CT manufacturer that are used to make volume reconstructions for subjective assessment. There was also a slight difference in dose and concentration of contrast medium within the healthy dogs and between them and the clinical patients. Authors believe it is unlikely that these differences affected the analysis because healthy dogs were similar to each other (Figs. 4 and 5) despite these contrast administration differences. The expected scope for the use of the described segmentation and fractal analysis is to include them in machine-learning algorithms and computer-assisted diagnosis systems that can support the radiologist's interpretation of CT scans. Examples of machine learning and computer-assisted diagnosis used in diagnostic imaging are to be found in the literature. 14, [44] [45] [46] [47] However, the wider applicability of predictive classification models of our fractal analysis is limited because of the small size of our study population. Also, the study groups are unbalanced in that they are of unequal size, and include dogs with a wide range of diseases. Datasets based on large and more uniform study populations would be better suited for use in machine learning and computer-assisted diagnosis.
In conclusion, this study shows that the healthy dogs had a different fractal dimension than the diseased dogs predisposed to pulmonary thromboembolism, and that no such difference in fractal dimension is seen between diseased dogs with and without pulmonary throm- 
